Abstract: This paper studies an observer-based H ∞ tracking control problem for induction motor in order to guarantee the field-oriented control (FOC) performances. Firstly, the physical model of the induction motor is approximated by the T-S fuzzy technique in the synchronous d-q frame rotating. Then, a fuzzy observer-based feedback control is synthesised to guarantee the control performances. The proposed controller is based on a T-S reference model in which a desired trajectory has been specified. The performances of the trajectory tracking are analysed using the Lyapunov theory and the L 2 optimisation. The gains of the observer and the controller are obtained by solving a set of LMIs constraint in a single step. To highlight the effectiveness of the proposed strategy experimental results are presented for a 1.5 KW induction motor.
Introduction
Thanks to their reliability, robustness and low cost; the induction motor becomes the most popular electromechanical actuator in the industrial applications such as in the electric drive traction (Ferranti et al., 1993) . However, the control of the induction motor is complex due to its nonlinear dynamic. Several control strategies have been proposed to control the induction motor. Field-oriented control (FOC) is considered to be the most popular of these strategies (Palma and Dente, 1992; Blaschke, 1972) . The advantage of this control technique is that it guarantees that the torque and flux controls are decoupled and it is easily implemented in induction motor drive.
In the last years, tracking control for dynamical system has attracted many efforts (Ren and Beard, 2004) . This control approach has been successfully applied to induction motor. Marino et al. (1993 Marino et al. ( , 1998 ) presented a direct adaptive controller for speed regulation in which the motor model is input-output decoupled by a feedback-linearising technique. In Cauet et al. (2001) , a H 2 /H ∞ approach with a reference model is used to ensure the tracking performance and the load torque rejection. Wai and Chang (2002) presented an adaptive system with an inverse rotor time-constant observer, based on a model reference adaptive system (MRAS) theory. Abdelhalek and Bachir (2015) propose a high gain observer-based nonlinear control for induction motor. Sliding mode control technique have been integrated in tracking control (Fu and Xie, 2005; Jamousi et al., 2013; Salih et al., 2015) , but the chattering phenomenon can degrade the control performances.
The success of the previous methods depends on the model complexity of induction motor. Fortunately, Takagi-Sugeno (T-S) technique is considered as an efficient way to represent complex system. This technique decompose the model of the nonlinear system in a series of linear models involving nonlinear weighting functions. The equivalent fuzzy model describes the dynamic behaviour of the system (Tanaka and Sugeno, 1985) . This approach has been successfully integrated in nonlinear system modelling and control (Jeung and Lee, 2014; Lee et al., 2015; Tseng et al., 2001) .
In the last years, fuzzy techniques have been successfully extended in induction motor modelling and control (Hammoudi et al., 2015; Gunabalan and Subbiah, 2015) . Allouche et al. (2013) present a fuzzy tracking control schemes for induction motor. The main aim of the presented control is to reject the externals disturbances and to achieve tracking performances. The developed design method uses two steps for resolving the stability problem.
In order to benefit from some recent advances in observer-based tracking control developed by the control community, in our works we are interested to the synthesis of tracking control law for induction motor drive which achieve the H ∞ performance. This control technique can guarantee the FOC performances. The main result of this work is to simplify the design method of the tracking control of induction motor drive. With more accurately the controller and the observer gains are given on a single step and the stability conditions became less conservative. A fuzzy augmented system containing the tracking error the estimation error and the reference state is constructed. Then a fuzzy observer-based tracking controller is designed. Using the Lyapunov theory the stability condition of the observer-based H ∞ tracking control are given in terms of LMIs and can be resolved on a single one step. This paper is organised as follow: Section 2 introduce an open-loop control strategy. A fuzzy observer-based tracking control is considered in Section 3. Finally, experimental results are provided to demonstrate the design effectiveness.
Notation: the symbol (*) denotes the transpose elements in the symmetric positions.
Open loop control

Physical model of induction motor
By using the assumptions of the linearity of the magnetic circuit, the dynamic model of the induction motor in the synchronous d-q reference frame can be described as
where 
where ω m is the rotor speed, ω s is the electrical speed of stator, (ψ rd , ψ rq ) are the rotor fluxes, (i sd , i sq ) are the stator currents, and (u sd , u sq ) are the stator voltages. The load torque Cr is considered as an unknown disturbance. The motor parameters are moment of inertia J, stator and rotor resistances (R s , R r ) stator and rotor inductances (L s , L r ), mutual inductance M, friction coefficient f and number of pole pairs n p .
Open loop control
In 
The open-loop reference of the stator current and electrical speed can be written as follows: 
3 Observer-based fuzzy control design
T-S fuzzy induction motor model
When the field-oriented strategy is implemented, we can ensure independent control of the torque and of the rotor flux. Then the dynamics of the induction motor is similar to the separately excited DC motor. Indeed, the rotor flux vector (ψ rd , ψ rq ) is aligned to the d-axis and we can obtain
To ensure the performances of the FOC, the electrical speed of the stator in the rotating synchronous d-q frame must be chosen as
If we replace the electrical speed of the stator (7) in the physical model (1), the nonlinear model of the induction motor can be expressed as 
x t Ax t Bu t w t y t Cx t
The fuzzy model can be constructing using the well-known sector nonlinearity technique. The system (8) contains the following three nonlinearities:
Thus we can transform the nonlinear terms under the following shape:
where
The fuzzy model described by fuzzy rules if-then will be used to deal the control design problem for the induction motor. The i th rule of the fuzzy model for the induction motor is of the following form:
Rule Ri
If (z 1 (t) is F i1 ) and (z 2 (t) is F i2 ) and (z 3 (t) is F i3 ) then ( ) ( ) ( ) ( ),
i x t Ax t Bu t w t
The global fuzzy model can be written in the following form: 
To attenuate the external disturbances, we consider the H ∞ performances related to the tracking error x r (t) -x(t) as follow:
t x t x t x t γ r t r t w t w t dt
For this, the following fuzzy observer is constructed to estimate the immeasurable state of the induction motor.
x t Bu t L y t y t y t Cx t
The observer error is define as ( ) ( ) ( ) e t x t x t = − ( 1 9 )
From equations (12) and (18), we obtain
The structure of the fuzzy tracking control is defined as follow.
( ) The controller design methodology is illustrated by the scheme illustrated in Figure 1 . After manipulation, an augmented system can be expressed in the following form: 
Then, the H ∞ performances (17) related to the tracking error can be modified as follow:
Now, the objective is to determine the controller and observer gains K i and L i for the augmented model (22) with the guaranteed tracking performance (23) for all ( ). t φ Theorem 1: For a given positive scalar μ, the closed loop fuzzy system in equation (22) 
Proof: Consider the following candidate Lyapunov function for the augmented system (22) ( )
To achieve the performance required by equation (23) and the closed loop stability of equation (22) the following inequality must hold
The time derivative of the candidate Lyapunov function is:
After we substitute ( ) V x from equation (27) in equation (26), we obtain:
Equation (28) is satisfied if the following condition holds
P is structured as follows:
Then after manipulation and using J i = P 2 L i the inequality (29) can be written as follows:
( ) The condition (31) contains nonlinear terms. Now, the goal is to formulate it as an LMI problem. Hence, Θ ij can be partitioned as
Θ 11 = ϒ 11 , Θ 12 = [-P 1 BK j P 1 (A i -A rj ) P 1 -P 1 ] and Θ 22 is the lower right block of equation (31).
To effect the necessary change of variable the congruence lemma is required. Pre and post multiplying equation (32) 
Then, it follows that
Equation (33) implied that XΘ 22 X is negative then we obtain 2 1 22 22
By substituting equation (34) into equation (33) and by using the Schur complement, we obtain
After substituting Θ 11 , Θ 12 , Θ 22 in equation (35) the LMI presented in Theorem 1 is obtained.
Experimental results
In order to verify the performances of the proposed method, the experimental testes were carried out using the test benchmark, of Laboratory of Innovative Technology (LTI), University of Picardie Jules Verne at Cuffies France, presented in Figure 2 . The IM stator is fed by a SEMIKRON converter (4 KW, IGBT modules) controlled by the dsp 1104 board. The dspace board receives the measured current and the actual position through the current transducer board LA-55NP and a 5,000 points incremental encoder. The interface is used to provide galvanic isolation to all signals connected to the dspace controller. The induction motor is characterised by the parameters described in Table 1 . The performances of the developed approach are tested for different form of speed:
1 step with 90 rad/s value and a load of 3 N·m at t = 10 s.
2 step change from 100 rad/s to 120 rad/s. The simulation results illustrated in Figures 3-11 show the convergence of the estimated rotor speed toward the real speed and then to the desired trajectory with a small tracking error in the two case of reference speed in spite of the load torque being applied and in spite the change of speed. Figures 4 and 9 show the d-axis stator current, the q-axis stator current is illustrated in Figure 5 , whereas Figures 6 and 10 represent the d-axis rotor flux. Furthermore the q-axis rotor flux is illustrated in Figures 7 and 11 . From these results, we can see that when the rotor speed reference change, the response of the IM currents and flux undergo a weak fluctuation and remain near its reference value and the decoupling control characteristic is achieved. Then, we can conclude that the experimental results confirm the effectiveness of the proposed fuzzy state feedback controller and the performances of the control scheme.
In this work, a fuzzy tracking control has been designed for the field oriented induction motor drive with external disturbance. The T-S fuzzy model is used to represent the induction motor in the synchronous rotating d-q frame. A fuzzy observer that based on a fuzzy controller is developed to guarantee H ∞ tracking performance. The stability condition has been proposed in terms of LMIs, which offers more degree of freedom in guaranteeing the tracking performance. Finally, Experimental results demonstrated the effectiveness of the proposed fuzzy controller.
